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Abstract
The total cross-sections of the reaction e+e− →W+W−, as measured at LEP-II
at centre-of-mass energies between 183 and 207 GeV are used to derive the upper
limits on the parameters of CP -violating (P -odd and C-even) triple gauge-boson
couplings WWγ and WWZ. The 95% CL limits |κ˜Z | < 0.13 and |λ˜Z | < 0.31
are obtained assuming local SU(2)L × U(1)Y gauge invariance which dictates the
relations κ˜Z = − tan
2 θw κ˜γ , λ˜Z = λ˜γ . Our results are comparable with the previous
ones obtained through the analysis of the W decay products.
We also discuss the upper limits on the electric dipole moment (EDM) of the
W -boson, which follow from the precision measurements of the electron and neutron
EDM.
1. Introduction
The existence of the electric dipole moments and weak dipole moments of elementary
particles would imply CP violation. Since the expected values of CP -odd dipole moments
in the Standard Model (SM) are extremely small the measurement of significantly larger
values would be evidence for physics beyond the SM.
The limits on CP -odd dipole moments of W -boson can be derived both from the
analysis of high-energy experiments and from strict experimental bounds on the EDMs
of other particles.
CP -violating triple gauge-boson couplings (TGC) WWγ and WWZ in the high-
energy e+e− collisions are investigated in Refs. [1, 2, 3, 4, 5, 6] by constructing observables
sensitive to these couplings. However, one may obtain quite strict limits on the TGC pa-
rameters from the analysis of the total cross-sections only.
The most strict bounds on electric dipole moments of elementary particles are given
in Table 1.
e n p µ
d/e, cm < 1.6× 10−27 [7] < 2.9× 10−26 [8] < 0.79× 10−24 [9, 10] < 1.8× 10−19 [11]
Table 1: The upper limits on electric dipole moments of elementary particles
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Contributions to the EDMs presented in Table 1 can originate both from the electric
dipole and magnetic quadrupole moments of the W -boson.
The outline of the paper is as follows. In section 2 we consider e+e− annihilation into
W+W− and obtain the bounds on the CP -violating TGC parameters from the analysis of
the total cross-sections. In section 3 we derive upper limits on the EDM of the W -boson
from those on the electron and neutron EDM.
2. The dipole moments of the W -boson and e+e− annihilation
We start with the consideration of the high-energy electron-positron annihilation into
W+W−. In the Standard Model this reaction at the tree level is described by the Feynman
graphs shown in Fig. 1.
Figure 1: The Standard Model diagrams
The diagrams with the intermediate γ and Z contain three-vector-boson verticesWWγ
and WWZ. The general parametrization describing the vertex WWV (here V means γ
or Z) includes 14 couplings, 7 for V = γ and 7 for V = Z: gV1 , κV , λV , g
V
4 , g
V
5 , κ˜V and λ˜V
[12, 13]. We restrict ourselves to considering only P -odd and C-even couplings, namely
κ˜V and λ˜V , because only these ones are related to the electric dipole moment d and weak
dipole moment (WDM) dw of the W -boson (see the corresponding Feynman graphs at
the tree level in Fig. 2).
Figure 2: The diagrams with the dipole moments vertices
We use the following effective Lagrangian describing interaction of the W -boson EDM
with the electromagnetic field and the WDM with the Z-boson field:
LWWV = ieV κ˜VW
†
µWνV˜
µν +
ieV λ˜V
m2W
(
W˜ †µνW
ν
ρV
ρµ +W †µνW˜
ν
ρV
ρµ −W †µνW
ν
ρV˜
ρµ
)
, (1)
here eγ = e, eZ = e cot θw, where e is the electron charge, θw is the Weinberg angle;
Wµ is the W
− field,
Vµ is the photon or the Z-boson field, corresponding to V = γ or V = Z, respectively;
Wµν = ∂µWν − ∂νWµ, Vµν = ∂µVν − ∂νVµ;
2
W˜ µν = 1
2
ǫµνρσWρσ, V˜
µν = 1
2
ǫµνρσVρσ.
It should be noted that the choice of the dimension-6 operator in (1) is not unambigu-
ous and sometimes this operator is chosen in a simpler form:
ieV λ˜
′
V
m2W
W †µνW
ν
ρV˜
ρµ.
However, this discrepancy leads only to a different q2 dependence of the form-factors.
Since the energy region covered by LEP-II is not wide, one may take the form-factors
to be approximately constant. Therefore, the form of the dimension-6 operator is not
significant to the problem under consideration.
Figure 3: The WWV vertex
The W−µ (p−)W
+
ν (p+)Vα(q) vertex (see Fig. 3) corresponding to the Lagrangian (1) for
on-shell W -bosons looks as follows [12]:
ieV Γ
µνα
V (p−, p+, q) = ieV
(
−fV6 ǫ
αµνρqρ −
fV7
m2W
(p− − p+)
αǫµνρσqρ(p− − p+)σ
)
, (2)
here fV6 = κ˜V − λ˜V , f
V
7 = −
1
2
λ˜V .
The couplings κ˜V and λ˜V are related to the W -boson EDM and WDM by [12, 14]:
d =
e
2mW
(
κ˜γ + λ˜γ
)
, (3)
dw =
eZ
2mW
(
κ˜Z + λ˜Z
)
. (4)
W -bosons in the reaction e+e− → W+W− are produced in the states with the spin
S = 0, 2 if the production mechanism is regular (because CP = +1 and CP = (−1)S).
However, if produced via the CP -odd vertex, W -bosons will be in the triplet states S = 1
(CP = −1 and CP = (−1)S). Therefore, if polarization of the particles is not taken into
account the dipole moment vertices do not interfere with the regular ones, and hence their
contribution to the cross-section is of second order in the dipole moments. Nevertheless
the most strict limits on the dipole moments may be obtained from the analysis of the
total cross-sections due to larger statistics. In this way the best restrictions on the dipole
moments of b-quark are derived from the total cross-sections measured at LEP for e+e−
annihilation into qq¯ [15].
We consider the reaction e+e− → W+W− in the centre-of-mass system assuming
unpolarized electron and positron beams, neglecting the electron mass and summing over
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polarization of the final particles. Using the WWV vertex parametrization (2) we obtain
the following expressions for the squared matrix elements |M |2
fVi
and the interference
terms 2Re
(
M †
fV
6
MfV
7
)
and 2Re
(
M †
f
γ
i
MfZ
j
)
:
|M |2
fVi
= CV |fVi |
2Fii, where V = γ, Z and i = 6, 7; (5)
2Re
(
M †
fV
6
MfV
7
)
= CV 2Re
(
fV ∗6 f
V
7
)
F67, where V = γ, Z; (6)
2Re
(
M †
f
γ
i
MfZj
)
= CγZ2Re
(
f γ∗i f
Z
j
)
Fij , where i, j = 6, 7. (7)
The functions Fij are as follows:
F66 = e
4
E2
m2W
(
1 + cos2 θ +
m2W
E2
sin2 θ
)
, (8)
F77 = 16e
4
E4
m4W
(
1−
m2W
E2
)2
sin2 θ, (9)
F67 = F76 = 4e
4
E2
m2W
(
1−
m2W
E2
)
sin2 θ, (10)
where E is the beam energy.
The functions CV and CγZ are:
Cγ = 1, (11)
CZ =
[
4E4
(4E2 −m2Z)
2
V 2e + A
2
e
sin4 θw
]
, (12)
CγZ =
[
−
2E2
4E2 −m2Z
Ve
sin2 θw
]
, (13)
where Ve = −
1
2
+ 2 sin2 θw, Ae = −
1
2
.
As common, we suppose hereafter the form-factors fV6 and f
V
7 being real [12]. We
assume also local SU(2)L × U(1)Y gauge invariance to be preserved. It dictates [16, 17]:
κ˜Z = − tan
2 θw κ˜γ , (14)
λ˜Z = λ˜γ . (15)
So the total cross-section of the process e+e− →W+W− looks as follows:
σ = σSM +
1
32π
1
4E2
√
1−
m2W
E2
×
×
∫  ∑
V=γ,Z
i=6,7
CV
(
fVi
)2
Fii + 2
∑
V=γ,Z
CV
(
fV6 f
V
7
)
F67 + 2
∑
i=6,7
j=6,7
CγZ
(
f γi f
Z
j
)
Fij

 d(cos θ).
(16)
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To derive the limits, we use the LEP-II measurements of theW -pair production cross-
section at centre-of-mass energies between 183 and 207 GeV combined by
LEPEWWG [18]. The measured values and the SM predictions of e+e− → W+W−
cross-sections are obtained from Table 5.1 and Table 5.2 of Ref. [18], respectively. The
residuals were fitted by the second term of formula (16) with non-zero κ˜Z and λ˜Z assuming
the relations (14, 15). The correlation matrix for the LEP combined W-pair cross-sections
(Table A.2 of Ref. [18]) has been taken into account. The fit yields the 68% CL limits
|κ˜Z| < 0.07, |λ˜Z | < 0.18 and the 95% CL limits |κ˜Z| < 0.13, |λ˜Z| < 0.31.
The values of κ˜Z and λ˜Z obtained from e
+e− annihilation are presented in Table 2.
Our results obtained from the analysis of the total cross-sections are comparable with
those of Refs. [5, 6] derived through analysis of the W production angular distribution
and distributions of the W decay products.
κ˜Z λ˜Z
OPAL (2001) [5] −0.20+0.10−0.07 −0.18
+0.24
−0.16
(2E = 189 GeV)
DELPHI (2008) [6] −0.09+0.08−0.05 −0.08± 0.07
(2E = 189− 209 GeV)
This work |κ˜Z | < 0.07 (68% CL) |λ˜Z| < 0.18 (68% CL)
(2E = 183− 207 GeV) |κ˜Z | < 0.13 (95% CL) |λ˜Z| < 0.31 (95% CL)
Table 2: The limits on κ˜Z and λ˜Z obtained from e
+e− annihilation
3. The W -boson EDM from the electron and neutron EDM
In this section we briefly discuss the upper limits on the EDM dW of the W -boson,
as derived from the strict bounds on the electron and neutron EDM [19, 20]. We follow
the line of reasoning of Ref. [21] taking into account, however, the arbitrary magnetic
quadrupole moment of the W -boson omitted in Refs [19, 20, 21].
We start the discussion with the dW contribution to the electron EDM. The effect is
described by diagram presented in Fig. 4.
Figure 4: The dW contribution to the electron EDM
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In the previous papers the EDM interaction is described by the Lagrangian
LedmW = ieκ˜W
†
µWνF˜
µν , (17)
so dW = eκ˜/2mW .
Then the result for the dW contribution to the electron EDM is
∆de =
α
8π sin2 θw
me
mW
ln
Λ2
m2W
dW . (18)
Here Λ is the cut-off parameter for the logarithmically divergent integral over virtual
momenta in the loop. Putting (perhaps, quite conservatively) ln(Λ2/m2W ) ≃ 1, one obtains
with the experimental upper limit on the electron EDM [7] (see Table 1), the following
bound on the dipole moment of W -boson:
dW/e . 2× 10
−19 cm (19)
(it corresponds to κ˜ . 2× 10−3).
However, general consideration shows that a particle of spin one can have two P - and
T -odd electromagnetic moments [22]. In line with an electric dipole moment, a vector
particle can have a magnetic quadrupole moment (MQM) Q.
Therefore, the Lagrangian contains two independent structures, corresponding to ar-
bitrary EDM and MQM:
LW = ieκ˜W
†
µWνF˜
µν +
ieλ˜
m2W
W †µνW
ν
ρF˜
ρµ. (20)
Now dW and QW are related to κ˜ and λ˜ as follows:
dW =
e
2mW
(
κ˜+ λ˜
)
, (21)
QW = −
e
m2W
(
κ˜− λ˜
)
, (22)
and the result for the dW contribution to the electron EDM is
∆de =
α
8π sin2 θw
me
mW
e
2mW
[
κ˜ ln
Λ2
m2W
+ λ˜
]
. (23)
Once again putting ln(Λ2/m2W ) ≃ 1, one obtains the same bound (18, 19) on the dipole
moment of W -boson:
∆de ≃
α
8π sin2 θw
me
mW
e
2mW
[
κ˜ + λ˜
]
=
α
8π sin2 θw
me
mW
dW , (24)
dW/e . 2× 10
−19 cm . (25)
Of course, this result directly depends on the cut-off parameter Λ. If one chooses
Λ ≃ 1 TeV, then ln(Λ2/m2W ) ≃ 5. However, in this case one obtains the upper limit on
some linear combination of κ˜ and λ˜, but not on the W -boson EDM itself.
6
In the case of the W -boson contribution to the neutron EDM considered in Ref. [21]
(the EDM interaction therein is described by (17)) the same calculations, as those in the
case of electron EDM, result in the following expression for the discussed contribution to
the neutron dipole moment:
∆dn =
α
8π sin2 θw
mn
mW
[
g0 ln
Λ2
m2W
+ h0
(
ln
Λ2
m2W
+ 1
)]
dW , (26)
where g0, h0 ∼ 1.
For numerical estimate one can take
g0 ln
Λ2
m2W
+ h0
(
ln
Λ2
m2W
+ 1
)
∼ 1 ,
so that
∆dn ∼
α
8π sin2 θw
mn
mW
dW ≈
α
2π
mn
mW
dW . (27)
Then, with the result of [8] for the neutron EDM (see Table 1), one arrives at the following
quite strict upper limit on the W -boson dipole moment:
dW/e . 2× 10
−21 cm . (28)
Taking into account the second term in the Lagrangian (20) alters the contribution of
dW to the neutron EDM:
∆dn =
α
8π sin2 θw
mn
mW
e
2mW
[
κ˜
{
g0 ln
Λ2
m2W
+ h0
(
ln
Λ2
m2W
+ 1
)}
+
+λ˜
{
g0 − h0
(
ln
Λ2
m2W
− 1
)}]
. (29)
For numerical estimate we put both expressions in curly brackets of the order of unity,
so
∆dn ∼
α
8π sin2 θw
mn
mW
e
2mW
[
κ˜+ λ˜
]
=
α
8π sin2 θw
mn
mW
dW . (30)
Therefore the upper bound on the W -boson EDM does not change:
dW/e . 2× 10
−21 cm . (31)
The contribution of dW to the fermion EDM (see Fig. 4) is proportional to the fermion
mass. Therefore, due to the larger mass of the neutron, the limit on dW (31) following
from ∆dn is better than that (25) from ∆de by two orders of magnitude, even though the
experimental upper limit on de [7] is better by an order of magnitude than that on dn [8].
4. Conclusions
We obtained the upper limits on the CP -violating TGC parameters by two different
methods: from the analysis of the total cross-sections of e+e− →W+W− and from strict
experimental bounds on the electron and neutron EDM. There is also third way of doing
this: by constructing CP -odd observables from the kinematic variables in the reaction
e+e− → W+W−. Each of these methods has its advantages and shortcomings. The
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analysis of the total cross-sections may give strict limits on κ˜V , λ˜V due to high statistics
and hence small statistical errors, but the bounds are obtained under the assumption
that all other anomalous TGC parameters vanish, thus they are not uniquely the limits
on the CP -violating couplings. On the contrary, CP -odd observables are sensitive to
these couplings, but statistics is less than in the previous case. The limits derived from
the bounds on the electron and neutron EDM are also uniquely the limits on κ˜V , λ˜V and
they are much better than the limits obtained from the e+e− annihilation. However, they
are of rather qualitative nature because they depend on the uncertain cut-off parameter
Λ.
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